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In  recent  years,  there  has  been  active  research  on  exhaust  gas  waste  heat  energy  recovery  for  automo¬ 
biles.  Meanwhile,  the  use  of  solar  energy  is  also  proposed  to  promote  on-board  renewable  energy  and 
hence  to  improve  their  fuel  economy.  In  this  paper,  a  new  thermoelectric-photovoltaic  (TE-PV)  hybrid 
energy  system  is  proposed  and  implemented  for  automobiles.  The  key  is  to  newly  develop  the  power  con¬ 
ditioning  circuit  using  maximum  power  point  tracking  so  that  the  output  power  of  the  proposed  TE-PV 
hybrid  energy  system  can  be  maximized.  An  experimental  system  is  prototyped  and  tested  to  verify  the 
validity  of  the  proposed  system. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

With  ever  increasing  oil  consumption  and  growing  concern  on 
environmental  protection,  there  is  a  pressing  need  to  develop 
green  energy  sources  for  automobiles,  including  the  waste  heat  en¬ 
ergy  recovery  system  and  solar  energy  system  [1,2].  These  kinds  of 
energy  sources  can  be  used  to  online  feed  various  automotive  elec¬ 
tronics  or  charge  the  battery  for  storage,  hence  reducing  the  oil 
consumption  and  the  carbon  emission  of  the  automobiles. 

Nowadays,  the  fuel  efficiency  of  the  internal  combustion  en¬ 
gines  (ICEs)  employed  in  the  gasoline  vehicles,  diesel  vehicles 
and  hybrid  electric  vehicles  (HEVs)  is  only  around  25%,  whereas 
about  40%  is  lost  in  the  form  of  the  waste  heat  of  exhaust  gas.  It 
is  reported  that  the  fuel  economy  of  ICEs  can  be  increased  by  up 
to  20%  simply  by  converting  about  10%  of  the  waste  heat  to  elec¬ 
tricity  [3].  Consequently,  the  waste  heat  energy  recovery  technol¬ 
ogy  has  been  actively  investigated,  such  as  the  Rankine  cycle 
system  [4]  and  the  thermoelectric  (TE)  system  [5].  Compared  with 
the  Rankine  cycle  system,  the  TE  system  has  the  advantages  of 
maintenance  free,  silent  operation,  high  reliability,  and  involving 
no  moving  and  complex  mechanical  parts  [6].  On  the  other  hand, 
the  use  of  photovoltaic  (PV)  technology  has  been  proposed  for 
HEVs  so  as  to  promote  the  concept  of  on-board  renewable  energy 
and  hence  to  further  improve  their  fuel  economy  [2]. 
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The  concept  of  energy  hybridization  has  been  accepted  for  EVs 
and  HEVs  [7-9].  Compared  with  individual  energy  sources,  the  hy¬ 
brid  energy  system  can  offer  some  definite  advantages  for  automo¬ 
biles,  namely  the  higher  fuel  economy  due  to  the  increase  of  on¬ 
board  renewable  energy,  the  better  energy  security  due  to  the 
use  of  multiple  resources,  and  the  higher  control  flexibility  due 
to  the  coordination  for  charging  the  same  pack  of  batteries.  So, 
the  TE-PV  hybrid  energy  system  is  promising  for  all  kinds  of  auto¬ 
mobiles  propelled  by  ICEs. 

So  far,  only  a  few  TE-PV  hybrid  energy  systems  have  been  pro¬ 
posed.  In  [10],  the  TE  generator  (TEG)  is  affixed  to  the  rear  of  the  PV 
generator  (PVG)  to  decrease  its  temperature  because  the  lower 
temperature  can  improve  the  efficiency  of  the  PVG.  So,  the  TEG 
simply  functions  to  improve  the  solar  energy  conversion  efficiency. 
In  [1 1  ],  the  TEG  and  PVG  are  integrated  in  a  mobile  computing  sys¬ 
tem  to  potentially  extend  the  battery  life.  However,  its  output 
power  is  too  low  for  automotive  electronics.  In  [12],  the  TEG  and 
PVG  are  integrated  to  back  up  each  other  for  better  energy  security. 
However,  these  configurations  can  not  be  directly  used  for  auto¬ 
mobiles.  In  [13],  the  TEG  and  PVG  are  combined  to  form  a  hybrid 
energy  system  for  HEVs.  It  employs  the  SEPIC-SEPIC  converter  to 
perform  the  maximum  power  point  tracking  (MPPT).  However,  this 
multiple  input  converter  (MIC)  has  shortcomings  for  practical 
implementation. 

In  this  paper,  a  new  TE-PV  hybrid  energy  system  with  the  Cuk- 
Cuk  MIC  is  proposed  and  implemented.  The  keys  of  this  hybrid 
energy  system  are  to  harvest  the  waste  heat  energy  of  the  ICE  by 
the  TEG  so  as  to  improve  the  fuel  economy,  and  to  convert  the  solar 
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energy  by  the  PVG  so  as  to  utilize  the  on-board  renewable  energy. 
Compared  with  the  SEPIC-SEPIC  MIC  [13],  the  Cuk-Cuk  MIC  can  of¬ 
fer  non-pulsating  input  current  and  output  current,  which  can  sig¬ 
nificantly  minimize  the  disturbance  on  system  operation,  and 
potentially  enhance  the  battery  life  [5].  Furthermore,  the  Cuk- 
Cuk  MIC  needs  three  inductors  while  the  SEPIC-SEPIC  MIC  needs 
four  inductors,  leading  to  lower  cost,  lighter  weight  and  smaller 
volume. 

In  Section  2,  the  system  configuration  of  the  proposed  TE-PV 
hybrid  energy  system  will  be  described.  Section  3  will  be  devoted 
to  presenting  the  design  and  implementation  of  the  proposed 
power  conditioning  system  (PCS)  with  the  MPPT  controller.  In  Sec¬ 
tion  4,  detailed  experimental  results  will  be  given  to  verify  the 
validity  of  the  proposed  hybrid  energy  system.  Finally,  a  conclusion 
will  be  drawn  in  Section  5. 


2.  System  configuration 

Fig.  1  shows  the  system  configuration  of  the  proposed  TE-PV 
hybrid  energy  system  for  automotive  application.  This  hybrid  sys¬ 
tem  is  composed  of  a  TEG  branch,  a  PVG  branch,  a  MPPT  controller, 
a  Cuk-Cuk  MIC,  and  a  battery.  In  practice,  the  MPPT  controller 
measures  the  output  voltages  and  currents  of  the  TEG  and  PVG, 
respectively,  and  generates  the  switching  signals  to  the  Cuk-Cuk 
MIC  according  to  the  MPPT  algorithm.  The  controller  also  monitors 
the  terminal  voltage  and  body  temperature  of  the  battery.  In  case 
of  overvoltage  or  overheat,  the  MIC  is  switched  off  to  protect  the 
battery. 

The  TEG  is  used  to  harvest  the  waste  heat  of  the  exhaust  gas 
from  the  ICE.  There  are  two  main  accessible  waste  heat  sources, 
namely  the  radiator  system  and  the  exhaust  gas  system  [14].  The 
radiator  system  functions  to  pump  the  coolant  through  the  cham¬ 
bers  in  the  heat  engine  block  so  as  to  absorb  the  excess  heat  and 
draw  it  away,  hence  avoiding  the  engine  block  overheating  and  sei¬ 
zure.  On  the  other  hand,  the  exhaust  gas  system  functions  to  emit 
the  flue  gas  which  occurs  as  a  result  of  the  combustion  of  fuels  in 
the  ICE.  Currently,  the  TEG  is  mostly  installed  in  the  exhaust  gas 
system  because  this  configuration  is  easy  to  be  implemented  and 
has  less  influence  on  the  operation  of  the  engine.  According  to 
the  temperature  distribution  of  the  exhaust  gas  system,  a  proper 
TE  material  can  readily  be  determined  [15].  Also,  the  cooling  sys¬ 
tem  of  the  TEG  can  share  with  the  engine  cooling  loop  to  further 
increase  the  output  power  [16]. 

For  the  PVG,  the  PV  panels  can  be  installed  on  the  vehicle  roof. 
In  general,  the  vehicle  roof  area  that  can  accommodate  the  PV  pan¬ 
els  ranges  from  about  1.5  m2  for  a  passenger  car  to  about  30  m2  for 
a  bus.  So,  by  connecting  a  proper  number  of  PV  panels  in  series  and 
in  parallel,  the  PVG  is  able  to  provide  the  desired  voltage  and  cur¬ 
rent  ratings  for  the  proposed  system. 
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In  this  paper,  the  TE-PV  hybrid  energy  system  is  used  to  charge 
the  battery.  When  the  battery  voltage  is  lower  than  a  preset  min¬ 
imum  value  Vbat.min*  and  the  input  voltage  of  the  TEG  or  PVG 
branch  is  higher  than  the  corresponding  minimum  value  VrEimin 
or  Vpv.min,  the  charging  process  is  activated.  When  the  maximum 
voltage  Vbat  max  is  reached,  the  battery  is  regarded  as  fully  charged. 

3.  Proposed  power  conditioning  system 

3.1.  MPPT 

Since  the  output  power  characteristics  of  the  TEG  are  highly 
nonlinear  and  heavily  depend  on  the  heat  source,  cooling  system 
and  external  load,  a  proper  power  conditioning  circuit  and  MPPT 
control  are  required.  Similarly,  the  PVG  output  power  characteris¬ 
tics  heavily  depend  on  the  irradiance,  ambient  temperature  and 
external  load.  So,  it  also  needs  a  proper  power  conditioning  circuit 
and  MPPT  control.  By  using  the  Thevenin  transformation,  the 
equivalent  circuit  of  the  TEG  and  PVG  can  separately  be  repre¬ 
sented  by  a  DC  voltage  source  in  series  with  an  internal  resistance 
[17].  As  shown  in  Fig.  2,  the  power  conditioning  circuit  functions  to 
track  the  maximum  power  point  of  the  TEG  or  PVG.  By  tuning  the 
duty  cycle  of  its  PWM  switching  signal  to  enable  the  input  resis¬ 
tance  r*  =  Vi/Ii  equal  to  the  internal  resistance  of  the  energy  source 
rg1  the  MPPT  can  be  performed.  In  the  TE-PV  hybrid  energy  system, 
the  MIC  circuit  must  be  able  to  handle  these  two  energy  sources 
and  realize  their  MPPT  individually  or  simultaneously. 

3.2.  Cuk-Cuk  MIC 

The  Cuk  converter  shown  in  Fig.  3  is  selected  for  power  condi¬ 
tioning  of  the  TEG  and  PVG.  First,  the  output  voltage  of  the  TEG 
or  PVG  may  widely  and  dynamically  vary  with  external  physical 
factors.  The  Cuk  converter  having  both  step-up  and  step-down 
characteristics  can  handle  a  wide  range  of  input  voltage  variation 
caused  by  different  temperature  differences  and  insolation  levels. 
Second,  when  the  switch  is  turned  off,  the  Cuk  converter  can  inher¬ 
ently  block  the  DC  input  from  the  TEG  or  PVG  energy  sources  to  the 
load  due  to  the  existence  of  the  intermediate  capacitor.  Third,  both 
of  the  input  current  and  output  current  of  the  Cuk  circuit  are  non¬ 
pulsating.  By  properly  winding  the  input  and  output  inductors  on 
the  same  core,  the  ripple  amplitude  can  be  reduced  to  zero.  This 
merit  can  significantly  minimize  the  disturbance  on  the  TEG  or 
PVG  operating  points,  and  potentially  enhance  the  battery  life. 
Based  on  the  synthesizing  principles  of  the  MIC  [18],  two  Cuk  cir¬ 
cuits  are  lumped  together  to  form  a  Cuk-Cuk  MIC  as  shown  in 
Fig.  4.  This  MIC  not  only  retains  the  merits  of  the  Cuk  circuit,  but 
also  enables  the  TEG  and  PVG  delivering  the  power  to  the  load 
individually  or  simultaneously. 

The  Cuk  converter  can  be  operated  in  three  modes:  continuous 
current  mode  (CCM),  discontinuous  inductor  current  mode  (DICM), 
and  discontinuous  capacitor  voltage  mode  (DCVM).  Generally,  the 
CCM  is  more  suitable  for  high  voltage,  high  current  input  applica¬ 
tion;  the  DICM  is  for  high  voltage,  low  current  input  application; 
and  the  DCVM  is  for  low  voltage,  high  current  input  application. 


TEG/PVG  Converter  Load 


Fig.  1.  Proposed  TE-PV  hybrid  energy  system. 


Fig.  2.  MPPT  using  power  conditioning  circuit. 
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Fig.  3.  Basic  Cuk  converter. 


Since  the  TEG  and  PVG  are  of  low  output  voltage,  hence  low  input 
voltage  for  the  Cuk-Cuk  MIC,  it  is  preferred  to  operate  in  the  DCVM 
mode. 

When  the  two  input  inductors  In,  I12.  the  output  inductor  l2\ 
and  the  output  capacitor  C  are  large  enough  to  guarantee  that 
the  inductor  currents  /n,  Ji2,  h\  and  the  output  voltage  VB  are  con¬ 
stant,  the  topological  stages  and  key  waveforms  of  the  Cuk-Cuk 
MIC  charging  the  battery  in  the  DCVM  are  depicted  in  Figs.  5  and 
6,  respectively. 

According  to  the  key  waveforms,  the  capacitor  voltage  VC\  and 
diode  voltage  Vm  for  the  TEG  branch  can  be  expressed  as: 


Vci  = 


VD1  = 


f '»(i-<W_jat,  0  <  t  <  di  Ts 

0,  d\Ts<t<D\Ts 
D^TS  <  t  <  Ts 

Vc\ ,  0  <  t  <  d\T s 
0,  d\Ts  <  t  <TS 


(1) 


(2) 


where  Di  is  the  duty  cycle  of  the  switch  Slt  Ts  is  the  switching  per¬ 
iod,  and  di  is  the  duty  cycle  of  the  diode  Dsi.  At  the  steady  state,  the 
average  voltages  of  L n  and  L2i  equal  zero.  From  Eqs.  (1)  and  (2),  the 
input  voltage  can  be  written  as: 


VTE  =  Vo  »  Vm  =  1  [Ts  Vcidt  =  Ts,n(1  Pl)2 

ls  J d-[Ts  ZL1 


(3) 


Therefore,  the  input  resistance  of  this  TEG  branch  in  the  DCVM 
is  given  by: 
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Fig.  5.  Topological  stages  in  DCVM. 


Fig.  6.  Key  waveforms  in  DCVM. 


rTE=ri=^“(1_Dl)2 

ill  4C\ 


(4) 


Similarly,  the  capacitor  voltage  VC2  and  diode  voltage  VD2  for  the 
PVG  branch  can  be  expressed  as: 


'  Jt2(l—  DlFs  _  hit 
Ci  ■  C2 

VC2  =  {  0, 

h2(t-D2Ts 

c2 


0  <t  <  d2Ts 
d2Ts  <t<  D2Ts 
D2Ts  <t  <Ts 


Vd2  = 


VC2,  o  <t<d2Ts 
0,  d2Ts  <t  <TS 


(5) 


(6) 


where  D2  is  the  duty  cycle  of  the  switch  S2,  and  d2  is  the  duty  cycle 
of  the  diode  Ds2.  Consequently,  the  input  resistance  of  this  PVG 
branch  in  the  DCVM  can  be  obtained  from  Eqs.  (5)  and  (6): 


_  VPV  Ts  2 

rpv-7i7“2C^(  2) 


(7) 


As  indicated  in  Eqs.  (4)  and  (7),  when  the  inductors  and  output 
capacitor  of  the  MIC  are  sufficiently  large,  the  input  resistance  of 
each  branch  does  not  associated  with  the  load.  It  indicates  that  it 
can  perform  the  MPPT  the  same  as  a  basic  Cuk  circuit  provided  that 
the  two  branches  of  the  MIC  are  both  in  the  DCVM.  By  calculating 
the  ampere-second  balance  across  C,  and  C2,  it  yields: 


/„(l-D1)  =  /21d1 
f12(l  —  D2)  =  l2\d2 


(8) 

(9) 


Then,  by  using  the  input  power  balance  equation  of  VTEI, ,  +  VPV- 
I\2  =  VB/2i  with  I2 1  =  (Vis  -  VBe )/rBE  as  depicted  in  Fig.  2,  d,  and  d2 
can  be  deduced  from  Eqs.  (8)  and  (9)  as: 


d\  = 
d2  = 


K/nO-Di) 

2Pin 

Kh  2(1  -D2) 

2Pin 


(10) 

HI) 


where  I<  =  VB  +  \Jv2B  +  4PinrBE  and  Pin  is  the  input  power  of  both  the 
TEG  and  PVG  branches.  Obviously,  the  DCVM  can  be  ensured  if 
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D i  ^  d\  and  D2  ^  d2.  From  Eqs.  (10)  and  (11),  the  criteria  for  the 
Cuk-Cuk  MIC  to  ensure  the  DCVM  can  be  deduced  as: 


KIu  D, 

2 Pin  "  1  -  D, 

(12) 

Kin  D2 

2 Pin  "  1  -  D2 

(13) 

3.3.  Implementation 


adopted  as  the  MPPT  controller.  The  detailed  PCS  is  shown  in 
Fig.  7b. 

Although  different  MPPT  methods  have  been  proposed,  the  per- 
turb-and-observe  (PAO)  method  is  still  the  most  common  one  in 
practice  due  to  its  simplicity  and  system  independence.  Thus,  the 
proposed  MIC  adopts  this  method  to  perform  the  MPPT  for  both 
the  TEG  and  PVG  branches  of  the  hybrid  energy  systems.  Basically, 
the  PAO  method  is  an  iterative  self-searching  approach,  which  can 
be  described  by  following  expression: 

Dk+\  =  AD/<+i  +  D/< 


The  proposed  TE-PV  hybrid  energy  system  with  the  MPPT  con¬ 
trol  is  implemented  as  shown  in  Fig.  7.  The  TEG  is  composed  of  18 
pieces  of  TE  modules  (Model  TEP1 -12656-0.6),  an  induction  heater, 
and  a  heatsink.  These  modules  are  connected  with  six  pieces  elec¬ 
trically  in  series  and  three  branches  in  parallel.  On  the  other  hand, 
the  PVG  is  composed  of  nine  pieces  of  polycrystalline-silicon  PV 
panels  (Model  SRI 0-36),  and  tungsten  halogen  lamps.  These  PV 
panels  are  connected  electrically  in  parallel.  A 12  V  38  Ah  lead-acid 
battery  is  selected  as  the  battery  load,  which  has  an  internal  resis¬ 
tance  of  7.5  mQ.  The  prototype  of  the  whole  system  is  shown  in 
Fig.  7a. 

At  the  beginning  of  the  experiment,  the  output  characteristics  of 
the  TEG  and  PVG  are  measured  at  specific  working  conditions  by 
changing  the  external  load.  Based  on  the  measured  characteristics 
of  the  TEG  and  PVG,  the  circuit  components  of  the  proposed 
Cuk-Cuk  MIC  can  be  designed.  The  switching  frequency  is  set  as 
100  kHz.  The  microcontroller  chip  DSP2812  operates  at  30  MHz 
clock  frequency,  incorporating  with  16  12-bit  ADC  channels,  18  k 
16-bit  SRAM,  and  16  PWM  channels  in  two  Event  Managers.  So, 
it  can  provide  fast  computing  speed,  precise  A/D  conversion,  and 
user-friendly  programmable  PWM  generation.  Thus,  it  is 

(a) 
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Power 
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Electronic 
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Fig.  7.  System  prototype,  (a)  Whole  system  and  (b)  PCS. 


A Dm  =  sgn(Pfe  -  Pfe_i ) ADj; 

where  Dj  and  P,  are  the  switching  signal  duty  cycle  and  the  input 
power  of  the  MIC  branch  at  the  sampling  instant  i ,  respectively, 
and  AD,  is  initialized  as  0.5%,  i  =  1, 2, . . . ,  k,  k  +  1, _ 


Load  resistance  (Q) 


Fig.  8.  Output  characteristics  versus  load  resistance  of  the  TEG.  (a)  Output  voltage, 
(b)  Output  current,  (c)  Output  power. 
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Fig.  10.  Output  characteristics  versus  load  resistance  of  the  PVG.  (a)  Output  voltage, 
(b)  Output  current,  (c)  Output  power. 


Irradiance  (w/m2) 


Fig.  11.  Output  power  and  internal  resistance  of  the  PVG. 


4.  Experimental  results 

Firstly,  when  the  temperature  of  the  cold-side  of  the  TEG  is  kept 
at  50  °C,  the  output  voltage,  current,  and  power  of  the  TEG  at  dif¬ 
ferent  hot-side  temperatures,  namely  100  °C,  150  °C,  200  °C,  and 
250  °C,  are  recorded  by  changing  the  load  resistance  from  3  Q  to 
15  Q  as  shown  in  Fig.  8.  It  can  be  found  that  the  output  character¬ 
istics  vary  non-linearly  with  the  temperature  and  load.  The  corre¬ 
sponding  maximum  power  and  internal  resistance  at  difference 
hot-side  temperatures  are  summarized  in  Fig.  9.  It  can  be  found 
that  the  maximum  power  points  of  the  TEG  at  different  tempera¬ 
tures  drift  with  the  increment  of  output  voltage. 

Secondly,  with  the  surface  temperature  of  the  PVG  kept  at  40  °C, 
the  output  voltage,  current,  and  power  of  the  PVG  at  different  irra- 
diances,  namely  250  W/m2,  500  W/m2,  750  W/m2  and  1000  W/m2, 
are  measured  by  changing  the  load  resistance  from  3  Cl  to  15  Cl  as 
shown  in  Fig.  10.  It  can  be  found  that  the  output  characteristics 
vary  non-linearly  with  the  irradiance  and  load.  The  maximum 
power  and  internal  resistance  at  different  insolation  levels  are 
summarized  in  Fig.  11.  It  can  be  found  that  the  maximum  power 
points  of  the  PVG  at  different  irradiances  drift  with  the  decrement 
of  output  voltage. 

Considering  the  worst-case  scenario  of  Eqs.  (12)  and  (13)  with 
the  measured  maximum  power  points  from  Figs.  9  and  11,  the 
boundary  of  the  battery  voltage  and  duty  cycles  can  be  determined 
to  ensure  the  system  operating  in  the  DCVM.  The  minimum 
acceptable  duty  cycles  of  the  Cuk-Cuk  MIC  is  68.5%  for  the  TEG 
branch,  and  48.5%  for  the  PVG  branch.  Then,  the  intermediate 
capacitors  can  be  deduced  by  using  (4)  and  (7).  The  main  compo¬ 
nent  values  of  the  MIC  are  listed  in  Table  1,  where  the  subscript 
i  =  1  stands  for  the  TEG  branch,  and  i  =  2  for  the  PVG  branch. 

The  input  resistances  of  the  Cuk-Cuk  MIC  are  shown  in  Fig.  12, 
in  which  the  internal  resistances  of  the  TEG  and  PVG  are  also 
marked.  When  these  two  resistances  match  with  each  other,  the 
maximum  power  point  can  be  tracked.  For  verification,  by  tuning 
the  duty  cycle  of  each  Cuk  circuit,  the  MPPT  of  each  branch  can 
be  achieved  as  shown  in  Fig.  13.  From  Fig.  13a,  it  can  be  found  that 
the  duty  cycle  of  the  TEG  branch  for  the  MPPT  decreases  with  the 
increase  of  temperature.  It  is  expected  because  the  higher  the  tem¬ 
perature  difference,  the  higher  the  internal  resistance  of  the  TEG, 
the  smaller  the  duty  cycle  is  required  to  produce  the  matching 


Table  1 

Main  component  values  of  MIC. 


G  (nF) 

hi  (mH) 

h i  (pH) 

C(pF) 

TEG  branch 

91.1 

1.6 

220 

1000 

PVG  branch 

108.2 

2.2 
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Fig.  13.  Input  powers  of  Cuk  branch  versus  duty  cycle,  (a)  TEG  branch,  (b)  PVG 
branch. 


Hot-side  temperature  (°C) 


Fig.  14.  Output  power  and  power  improvement,  (a)  With  varying  TEG  output 
power,  (b)  With  varying  PVG  output  power. 

input  resistance  of  the  Cuk  circuit.  On  the  other  hand,  from 
Fig.  13b,  it  can  be  found  that  the  duty  cycle  drift  of  the  PVG  branch 
for  the  MPPT  is  contrary.  It  is  because  the  brighter  the  irradiance, 
the  lower  the  internal  resistance  of  the  PVG  is  resulted. 

In  order  to  quantitatively  assess  the  output  power  improvement 
due  to  the  proposed  MPPT,  the  TEG  temperature  is  varied  while  the 
PVG  output  is  kept  at  its  maximum  power  point,  and  then  the  PVG 
irradiance  is  varied  while  the  TEG  output  is  kept  at  its  maximum 
power  point.  Firstly,  the  output  power  is  recorded  when  the  hot- 
side  temperature  of  the  TEG  is  heated  from  100  °C  to  250  °C  and 
the  irradiance  of  the  PVG  is  fixed  at  1000W/m2.  For  the  sake  of 
comparison,  the  output  power  is  also  measured  under  the  fixed 
duty  cycle  of  67%,  which  is  close  to  the  duty  cycle  of  the  maximum 
power  point  at  250  °C.  As  shown  in  Fig.  14a,  the  power  improve¬ 
ment  is  from  7.5%  to  9.4%  due  to  the  use  of  the  MPPT.  Secondly, 
the  total  output  power  is  recorded  when  the  irradiance  of  the 
PVG  is  controlled  from  200  W/m2  to  1000W/m2  and  the  hot-side 
temperature  of  the  TEG  is  fixed  at  250  °C.  For  the  sake  of  compar¬ 
ison,  the  output  power  is  also  measured  under  the  fixed  duty  cycle 
of  75%,  which  is  close  to  the  duty  cycle  of  the  maximum  power 
point  at  1000  W/m2.  As  shown  in  Fig.  14b,  the  power  improvement 
is  from  4.8%  to  17.9%  resulting  from  the  use  of  the  MPPT.  Therefore, 
the  overall  output  power  of  the  hybrid  energy  system  can  be  signif¬ 
icantly  improved  by  the  proposed  Cuk-Cuk  MIC  using  the  MPPT. 

5.  Conclusions 

In  this  paper,  a  new  automotive  TE-PV  hybrid  energy  system 
has  been  proposed  and  implemented.  Based  on  the  proposed 
Cuk-Cuk  MIC  with  the  MPPT,  both  the  TEG  and  PVG  branches 
can  achieve  maximum  power  transfer  independently.  A  100W 
prototype  has  been  built  and  tested.  The  experimental  results 
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successfully  verify  the  validity  of  the  proposed  system.  By  scaling 
up  the  power  ratings  proportionally  up  to  1  kW,  the  proposed  sys¬ 
tem  will  be  very  promising  for  different  types  of  automobiles. 
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